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Predicting oligonucleotide affinity
to nucleic acid targets

DAVID H. MATHEWS,1 MARK E. BURKARD, 1 SUSAN M. FREIER,2

JACQUELINE R. WYATT, 2 and DOUGLAS H. TURNER 1

1Department of Chemistry, University of Rochester, Rochester, New York 14627-0216, USA
2Division of Molecular and Structural Biology, Isis Pharmaceuticals, Carlsbad, California 92008, USA

ABSTRACT

A computer program, OligoWalk, is reported that predicts the equilibrium affinity of complementary DNA or RNA
oligonucleotides to an RNA target. This program considers the predicted stability of the oligonucleotide-target helix
and the competition with predicted secondary structure of both the target and the oligonucleotide. Both unimolecular
and bimolecular oligonucleotide self structure are considered with a user-defined concentration. The application of
OligoWalk is illustrated with three comparisons to experimental results drawn from the literature.

Keywords: antisense oligonucleotides; bimolecular RNA secondary structure; hybridization; primer extension;
reverse PCR; reverse transcription; RNA secondary-structure prediction

INTRODUCTION

For a target RNA or DNA sequence of N nucleotides,
there are N 2 L 1 1 complementary oligonucleotides of
length L+Which of these oligomers will bind most tightly?
The answer to this question is important for the design
of antisense oligomers, polymerase chain reaction
(PCR) and reverse transcription primers, and hybrid-
ization probes+

To predict the affinity of an oligomer to a target, a first
approximation is obtained by examining the duplex sta-
bility of the oligomer-target helix, but self structure of
both oligomer and target reduce the stability of this
interaction+ The self structure of the target is usually
unimolecular at biological concentrations+ For an oligo-
mer probe of higher concentration than the target, the
self structure can be either unimolecular or bimolecu-
lar+ Tertiary structure is generally less stable than sec-
ondary structure and can therefore be neglected as an
approximation (Crothers et al+, 1974;Hilbers et al+, 1976;
Banerjee et al+, 1993; Jaeger et al+, 1993; Mathews
et al+, 1997)+

This article presents a computer program, Oligo-
Walk, that predicts the equilibrium affinity of comple-
mentary DNA or RNA oligonucleotides to a structured
RNA target+ The target can be a known structure or, if

unknown, a set of predicted secondary structures+ Du-
plex stability, local secondary structure in target, and
both intermolecular and intramolecular secondary struc-
ture in the oligonucleotide are considered+ Three ex-
amples drawn from the literature are used to make
comparisons with predicted binding and illustrate the
use of the program+

RESULTS

Oligomer-target binding

The OligoWalk program requires five inputs from the
user+ First, a target RNA structure is selected+ This can
be a secondary structure determined by comparative
sequence analysis (James et al+, 1989; Pace et al+,
1999) or predicted by an RNA folding algorithm
(Mathews et al+, 1999) with or without refinement with
chemical and/or enzymatic cleavage data (Ehresmann
et al+, 1987; Knapp, 1989; Mathews et al+, 1997, 1999)+
A set of predicted suboptimal structures can also be
included in the calculation of affinity+ The user selects
oligomer length, concentration, and chemical structure,
that is, RNA or DNA+ Finally, the user chooses the
method for considering target structure, that is, either
local or global reorganization upon oligomer binding
and either a single structure or an ensemble of struc-
tures are used for considering target structure+

OligoWalk calculates the equilibrium affinity of each
complementary oligomer using the scheme illustrated
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in Figure 1+ Each oligomer can be (1) in a folded, uni-
molecular structure, OF–U, (2) in a folded, bimolecular
structure, OF–B, or (3) unfolded, OU+ The target RNA
can be folded in the region of complementarity, TF, or
unfolded in the region of complementarity, TU+ Finally,
the target can be bound to oligomer, O-T+ The affinity of
oligomer to target is expressed as an overall Gibb’s
free-energy change of self structured oligomer and tar-
get associating into an oligomer-target complex+As de-
tailed in the methods section, OligoWalk calculates the
overall free-energy change of binding at 37 8C for each
possible oligomer according to:

DG8overall 5 DG83 1 R(310+15)

3 [ln(K1eff 11) 1 ln(K2 11)] + (1)

As usual, free-energy change at 37 8C is related to the
equilibrium constant, K, according to

DG8 5 2R(310+15)ln K, (2)

R is the gas constant, and 310+15 K is the absolute
temperature equivalent to 37 8C+ DG83 is the free-energy
change attributed to oligomer-target helix formation from
unstructured oligomer and target, K2 is the equilibrium
constant for the folding of local target structure, and
K1eff is derived from an effective equilibrium between
unfolded and both unimolecularly and bimolecularly
folded oligomer

K1eff 5
[OF–U] 1 [OF–B]

[OU]

5 S 4K1B [Ototal ]

21 2 K1U 1 % (1 1 K1U)2 1 8K1B [Ototal ]
D21+

(3)

The derivation of equation 3 is shown in Materials and
Methods+ A consequence of this equation is that the
relative contributions of unimolecular and bimolecular
oligonucleotide structure depends on the relative sta-
bility of these two structures and the total concentration
of oligonucleotide+ To evaluate equation 3, DG81U and
DG81B are determined by secondary-structure predic-
tion using either RNA or DNA parameters (SantaLucia
& Allawi, 1997; SantaLucia, 1998; Xia et al+, 1998; Ma-
thews et al+, 1999)+ To predict DG81B, the secondary-
structure prediction algorithm of Zuker (1989a,b) was
modified to allow bimolecular structure formation as
described below+ The value of DG83, the stability of
base pairing of oligomer to target, is determined using
nearest-neighbor parameters for either RNA–RNA
(Xia et al+, 1998) or RNA–DNA (Sugimoto et al+, 1995)
helices+

For the free-energy penalty associated with breaking
of the target’s local secondary structure, DG82, four
different forms of the calculation are available (Fig-
ure 2)+ The binding of the oligomer will disrupt preexist-
ing structure in the region of complementarity+ The
disruption can be treated as a local disruption only, or
the target structure can rearrange to optimize second-
ary structure+ Local disruption assumes that the target
secondary structure is fixed outside the region of oligo-
mer binding, whereas rearrangement assumes a true
equilibrium of the target secondary structure+ Either
may be important for a cellular target, because kinetics
or associated proteins may or may not allow rearrange-
ment+ For each option, suboptimal predicted structures
of the target can be included in the calculation+ This is
important for targets with secondary structure pre-
dicted by free-energy minimization without experimen-
tal constraints+

Form I of Figure 2 is the simplest form of the calcu-
lation+ It considers local disruption of structure on a
single target secondary structure:

DG82 5 DG837(TF ) 2 DG837(TU) (4)

where TU is the target structure without any base pairs
in the region of oligomer complementarity+ Free-energy
changes are approximated with nearest-neighbor free-
energy parameters using the program Efn2 (Mathews
et al+, 1999)+

Form II considers local structure for a set of subopti-
mal structures+ Each structure contributes to the free-
energy penalty for disruption of structure in proportion
to a Boltzmann weight:

DG82 5
(

i
[(e2DG8i /(310+15R) )(DG8i 2 DG8'i )]

(
i

e2DG8i /(310+15R)
+ (5)

The summations are over all suboptimal structures pro-
vided+ DG8i is the free energy of suboptimal structure i

FIGURE 1. The equilibrium scheme used by OligoWalk+ OF–U and
OF–B are oligomer in a folded unimolecular and bimolecular structure,
respectively+ OU is the unfolded oligomer+ The target RNA is either
folded in the complementary region, TF, or single stranded in the
complementary region, TU+ O-T is the target with oligomer bound+
Each equilibrium is governed by an equilibrium constant, K, defined
to be forward in the more folded direction+
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and DG89i is the free energy of suboptimal structure i
without base pairs in the region of complementarity+
Each is calculated with the Efn2 program (Mathews
et al+, 1999)+

Form III allows rearrangement of secondary struc-
ture upon oligomer binding with a single target second-
ary structure:

DG82 5 DG8(TF ) 2 DG8(T 'U) (6)

where T9U is the target refolded with each nucleotide in
the region of complementarity forced to be unpaired+
The free energy of the entered structure is calculated
with Efn2 and the refolded structure is predicted using
free-energy minimization (Mathews et al+, 1999)+

Form IV allows rearrangement of suboptimal second-
ary structures for each of a set of suboptimal structures
upon oligomer binding+ Equation 5 is used for this cal-
culation with DG89i as the lowest free-energy structure
predicted when nucleotides bound to the oligomer are
forced to be unpaired (Mathews et al+, 1999)+

Bimolecular secondary structure prediction

To determine the free-energy change for formation of
the bimolecular oligomer–oligomer structure, the algo-
rithm of Zuker (Zuker & Stiegler, 1981; Zuker, 1989a)
was modified to predict bimolecular secondary struc-
tures+ This is done by predicting secondary structure
for two sequences joined by a virtual linker composed
of nucleotides that cannot pair+ For the loop region
occupied by the linker, the algorithm applies the free
energy of intermolecular initiation rather than a loop
penalty+ This method allows many conformations of in-
termolecular structure, but it cannot predict those that
mimic a pseudoknot, most notably the kissing hairpin
motif (Chang & Tinoco, 1994, 1997; Gregorian &
Crothers, 1995; Comolli et al+, 1998)+ In the future,
however, this method for bimolecular structure predic-
tion could be combined with recent work in dynamic
programming (Rivas & Eddy, 1999) to predict kissing
hairpins+

Display of affinity calculations

The OligoWalk program is part of the RNAstructure
package for Microsoft Windows+ The program has a
user friendly, graphical interface that displays the pre-
dicted free energies in a window as illustrated in Fig-
ure 3+ The target sequence is shown 59 to 39 with one
complementary oligomer at a time+ The top portion dis-
plays the current oligomer number, the type of oligomer
(DNA or RNA), and the oligomer concentration+ The
five free-energy changes including DG8overall (Fig+ 1)
are displayed for the current oligomer+Also displayed is
the oligomer-target melting temperature, Tm, without
considering oligomer or target self structure+ Below, the
bar graph displays the overall free energy, DG8overall,
and the duplex free energy, DG83+ The other free-
energy parameters can be graphed alternatively+ Click-
ing on the oligomer will display either the oligomer
intramolecular or intermolecular self structure+ The ar-
rows and “go” buttons are for navigation across the
target sequence+ The data for all oligomers can be
output to a tab-delimited text file that is suitable for
reading into other programs, such as Microsoft Excel+

Comparison of OligoWalk predictions
to data from the literature

OligoWalk predictions of oligonucleotide-target affinity
were compared to three types of experiments drawn
from the literature+ The first comparison is to a cell-free
RNase-H cleavage assay (Ho et al+, 1998)+ The second
is to the cellular antisense efficacy of 22 oligomers (Ho
et al+, 1996)+ The third is to cell-free and cellular ac-
cessibilities of sickle b-globin mRNA to splicing by an
exogenous ribozyme (Lan et al+, 1998)+

RNase-H cleavage

The RNase-H cleavage assay is a method for deter-
mining regions of an RNA target that are accessible to
DNA oligomers (Ho et al+, 1996, 1998; Birikh et al+,
1997; Lima et al+, 1997;Milner et al+, 1997)+ It is directly

FIGURE 2. The four forms for calculation of disrupted structure in target+ The user can choose to include suboptimal
structures in the calculation+ Suboptimal structures are important when the target secondary structure is predicted by
free-energy minimization without experimental constraints+ The disruption in secondary structure can be considered either
locally only or with target rearrangement to optimize overall free energy+ Thus, four forms of the calculation are available for
these options+
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relevant to the problem of designing effective anti-
sense oligomers because a major mechanism of anti-
sense function is the stimulation of target RNA cleavage
by endogenous RNase-H (Chiang et al+, 1991)+ Ho
et al+ (1998) developed a method of RNase-H cleavage
involving semirandom DNA oligomers containing phos-
phodiester and phosphorothioate linkages, for which
the exact footprint of bound oligomers can be inferred+
This method was used to map the RNase-H activating
DNA 11-mers to the angiotensin type-I receptor mRNA,
AT1 (GenBank accession number X62295)+

OligoWalk was used to predict the affinity of 11-mers
to the same sequence used for the RNase mapping, a
1,253-nt transcript encompassing the entire coding re-
gion of the AT1 receptor mRNA+ First, a set of optimal
and suboptimal target structures was predicted using
RNAstructure (Mathews et al+, 1999)+ Then, OligoWalk
calculations were run for an oligomer concentration of
1 pmol (the concentration of each oligomer in the ex-
perimental assay), considering local target structure only,
and considering the set of suboptimal target structures
(Form II of Fig+ 2)+

FIGURE 3. A view of the OligoWalk display window+ OligoWalk displays predicted free-energy changes in the Microsoft
Windows environment+ Shown here is the oligomer predicted to have the highest affinity to the angiotensin type-I mRNA
(GenBank accession number X62295)+ The dark bars graph the DG8overall for each possible 11-mer with its 39 end paired to
the nucleotide shown above the bar+ The grey bars are the corresponding DG82 (duplex)+ The lightest bar indicates the
DG8overall for the currently displayed oligomer (#765)+ The numbering of the sequence is for the coding region of the gene+
Above the sequence are the free-energy changes at 37 8C for each equilibrium from Figure 1 and the overall free-energy
change+ Duplex DG837 is DG83; Break targ DG837 is DG82; oligo-self DG837 is DG81U; and oligo-oligo DG37 is DG81B+ Lighter
nucleotides in the target sequence are base paired in the lowest free-energy structure+
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The predicted DG8overall values range from 212+8 to
113+4 kcal/mol+ The two oligomers with the lowest
DG8overall, therefore predicted to have the highest target
affinities, correspond to the longest accessible region
determined by RNase-H mapping (Ho et al+, 1998)+
Figure 4A shows the partitioning of all possible com-
plementary 11-nt oligomers into seven categories of
overall free energy of binding, DG8overall+ It also plots

the percentage of those oligomers that stimulated
RNase-H cleavage, demonstrating a correlation be-
tween DG8overall and RNase-H-demonstrated binding+
The correlation suggests that the predictions could be
useful for reducing the number of oligomers surveyed
by tenfold or more while still identifying a large number
of oligomers that are capable of binding to target+ Fig-
ure 4B shows the partitioning of the oligomers into six

A

FIGURE 4. Comparison of free-energy predic-
tions with sequences inducing RNase-H cleav-
age+ A: The 11-mer complementary oligomers
to the coding region of AT1 are divided into seven
bins by overall free energy of binding (in kcal/
mol)+ B: The complementary oligomers are di-
vided into bins of duplex free energy, DG83+ The
black bars show the total number of oligomers
within a range of free energy+ The gray bars plot
the percentage of those oligomers that are known
to bind accessible sites as based on RNase-H
mapping (Ho et al+, 1998)+ These plots illustrate
that DG8overall correlates better to accessibility
than DG83+
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categories of duplex free energy, DG83+ This plot shows
little correlation between duplex free energy and RNase-
H-demonstrated binding and therefore shows the utility
of calculating DG8overall, which considers both oligomer
and target self structure+

Antisense efficacy

Ho et al+ (1996) examined the antisense efficacy of 22
DNA phosphorothioate 20-mers against the human
multidrug resistance-1 mRNA (GenBank accession
number M14758), which encodes for P-glycoprotein+
Twenty of the 22 antisense oligomers were designed to
target regions that were determined to be accessible
by an RNase-H assay+ The effect of antisense oligonu-
cleotides on production of P-glycoprotein was evalu-
ated with a rhodamine assay+ Rhodamine, detectable
by fluorescence, is actively pumped from cells by
P-glycoprotein, and loss of fluorescence is correlated
with an antisense-mediated mRNA reduction+

The secondary structure of the first 800 nt of the
target mRNA was predicted (Mathews et al+, 1999)+ Ho
et al+ (1996) report that RNase-H experiments with 800-,
1,259-, and 3,000-nt transcripts demonstrate the same
accessibility+ OligoWalk was run with DNA oligomers at
a concentration of 1 mM (an upper bound on the intra-
cellular concentration), considering local structure only,
and considering the set of suboptimal target structures
(Form II from Fig+ 2)+

The antisense efficacy did not correlate to the
DG8overall+ In this case, a correlation is present between
DG83 (duplex stability) and antisense efficacy, with a
correlation coefficient of 0+91+ Figure 5 shows the per-
cent inhibition plotted against predicted duplex stability+

This suggests that, when designing antisense oligonu-
cleotides to a target with experimentally determined
accessibilities, duplex stability is an important param-
eter for predicting efficacy+

Accessibility to ribozyme

Lan et al+ (1998) used a ribozyme to repair sickle b-globin
mRNA mutations+ This requires a ribozyme with a cor-
rect b-globin exon sequence on the 39 end and a 59 in-
ternal guide sequence (IGS) of 6 nt complementary to
the target mRNA upstream of the sickle mutation+ Be-
cause of constraints on the ribozyme reaction, the 59 end
of the IGS must be a G that pairs to a U in the target+

Lan et al+ (1998) used a library of ribozymes with
random internal guide sequences to screen by cloning
for suitable IGS complementary regions+ U61 in the
mRNA sequence was identified as a successful target
in five of nine clones for both cell-free and cellular
screening and it was the only position to be identified in
both the cell-free and cellular experiments+

OligoWalk was used to calculate overall binding af-
finity for RNA hexamers+ The 626-nt secondary struc-
ture for the whole target was predicted by free-energy
minimization (Mathews et al+, 1999)+ OligoWalk calcu-
lations were made with an oligomer concentration of
1 mM (an upper bound on the intracellular ribozyme
concentration), considering local structure only, and con-
sidering the set of suboptimal target structures (Form II
from Fig+ 2)+ There are 16 Us in the 70-nt region 59 to
the sickle mutation, and, therefore, the 16 oligomers
with 59 As were considered as potential IGS mimics+
This is reasonable because the free-energy incre-
ments for terminal G-U and A-U pairs are similar (Freier
et al+, 1986)+ The oligomer with the second lowest
DG8overall is the oligomer that binds to U61, the target
found most often by screening (see Table 1; Lan et al+,
1998)+ The oligomer with the lowest DG8overall also binds
to a region that was accessible to splicing+ These two
hexamers predicted to be most favorable account for
11 of the 15 clones that showed splicing to the region
59 to the sickle mutation+ The range of overall free en-
ergies of binding for oligomers with a 59 A was 23+9 to
15+0 kcal/mol+ The five target regions of mRNA, 59 to
position 70, identified by either cell-free or cellular
screening by at least one clone each ranged between
23+9 and 10+6 kcal/mol in DG8overall+

DISCUSSION

OligoWalk extends prior methods for predicting
oligomer-target affinity (Rychlik & Rhoads, 1989; Stull
et al+, 1992) by quantifying more structural consider-
ations+ The program by Rychlik and Rhoads (1989)
considers duplex stability and simple oligomer self struc-
tures+ The method of Stull et al+ (1992) produces his-
tograms for the free energy of duplex stability and the

FIGURE 5. Percent inhibition of message as a function of duplex
free energy+ Antisense efficacy (as percent inhibition) of 22 20-mer
DNA oligomers plotted against predicted duplex stability, DG83+ The
efficacy data are from Ho et al+ (1996) and the line is a best fit to the
data+ The percent inhibition by antisense oligomer is relative to ve-
rapamil, a competitive inhibitor of P-glycoprotein, and so it is possible
to have greater than 100% efficacy (Ho et al+, 1996)+ The antisense
efficacy did not correlate with DG8overall+
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free-energy loss of breaking target structure+ These
histograms are then used to identify oligomers that may
bind tightly+ OligoWalk predicts the overall free energy
of binding by accounting for duplex stability, oligomer
self structure, and target structure using the most cur-
rent sets of thermodynamic parameters for nucleic acid
secondary structure (Sugimoto et al+, 1995; Santa-
Lucia et al+, 1996; SantaLucia, 1998; Xia et al+, 1998;
Mathews et al+, 1999; Peyret et al+, 1999)+

OligoWalk calculations are illustrated using three types
of experimental data: the accessibility to DNA oligo-
mers as defined by RNase-H cleavage (Ho et al+, 1998)
and antisense efficacy (Ho et al+, 1996) and the acces-
sibility to splicing by a ribozyme (Lan et al+, 1998)+ Sev-
eral additional sets of experimental data are available
that could have been chosen to demonstrate the ap-
plication of this program (Chiang et al+, 1991; Bennett
et al+, 1994; Dean et al+, 1994; Stepkowski et al+, 1994;
Zarrinkar & Williamson, 1994; Duff et al+, 1995; Lee
et al+, 1995; d’Hellencourt et al+, 1996; Miraglia et al+,
1996; Stewart et al+, 1996; Matveeva et al+, 1997; Tu
et al+, 1998)+ The three that were chosen cover a vari-
ety of experimental techniques, each of which required
oligonucleotide binding to an RNA target+ These three
examples contained data for many oligonucleotides and
also used RNA targets of less than 1,300 nt in length to
allow for relatively accurate predictions of target struc-
ture+ For the three examples used, the overall free en-
ergy of binding, DG8overall, correlated with experimental
data in the RNase-H and ribozyme comparisons+ For
the comparison to antisense efficacy, duplex stability,
DG83, correlated with efficacy, but the experimentally
tested oligomers were preselected to target accessible
regions based on an Rnase-H assay+

Although correlations are found between predicted
thermodynamics and experimental data, the OligoWalk
calculation does not predict all oligomer effects+ For
example, even though the oligomers predicted to have
the most favorable overall free-energy-induced RNase-H
cleavage and were useful as a ribozyme IGS, other low
free-energy oligomers were not effective+Moreover, for
the IGS mimic to U26, the overall free energy of bind-
ing was predicted to be unstable, but it functioned in
the cellular screen (Table 1)+

These discrepancies presumably arise from some of
the approximations inherent in OligoWalk+ First, for these
three tests, the target secondary structures were pre-
dicted by free-energy minimization only+ For RNAs with
known secondary structures, the lowest free-energy
structure contains 73% of known base pairs and the
best suboptimal structure contains 86% of known base
pairs on average (Mathews et al+, 1999)+ Structural in-
accuracies in the target secondary structure result in
an error in DG82+ Presumably, OligoWalk’s predictive
power will be improved when mapping experiments
and/or sequence comparison are used to constrain the
predicted target secondary structure+

A second limitation in OligoWalk is the simplified
model+ The equilibrium model shown in Figure 1 as-
sumes that the oligomers will be self structured in only
two conformations at most, one intramolecular and one
intermolecular+ For longer oligomers, on the order of 20
or more nucleotides, several favorable oligomer con-
formations may compete with binding to the target+ In
the case of RNase-H cleavage assays, a complex li-
brary of DNA oligomers is employed where there could
be intermolecular interactions between oligomers of dif-
ferent sequences+

TABLE 1 + The affinity of 59A oligonucleotides to sickle b-globin mRNAs+

Target U Oligomer
DG8overall

(kcal/mol)
DG83

(kcal/mol)
DG82

(kcal/mol)
DG81B

(kcal/mol)
Cell-free
clones

Cellular
clones

68 AGGAGU 23+9 28+0 24+1 0 1
61 AGGUGC 23+7 29+0 25+3 20+8 5 5
65 AGUCAG 22+9 26+8 23+9 0
52 AUGGUG 22+3 26+7 24+4 0

6 AAAUGU 21+6 23+1 21+4 0
25 ACACAG 21+3 26+6 25+3 0
70 ACAGGA 21+3 28+0 26+7 0
30 AGUGAA 21+3 25+6 24+3 0 1
23 ACAGUU 21+2 25+4 24+2 0
21 AGUUGU 21+2 25+4 24+2 0
38 AGGUUG 20+6 26+5 25+9 0 2
26 AACACA 0+6 25+4 26+0 0 1
10 AAGCAA 1+6 25+3 26+9 22+7

9 AGCAAA 1+6 25+3 26+9 22+7
12 AGAAGC 4+6 26+8 211+4 0
55 ACCAUG 5+0 26+7 211+7 21+8

The oligomers with 59 adenines are sorted by DG8overall+ The cell-free and cellular clones columns report the number
of clones found that spliced at the U in the region 59 to the sickle mutation (Lan et al+, 1998)+ The DG81U was 0 kcal/mol for
each oligomer shown+
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OligoWalk considers only secondary structure in
thermodynamic predictions+ Tertiary structure may also
play a role in stabilizing or destabilizing the binding of
some oligomers+ For example, the binding strength of
the IGS with 59 exons of various ribozymes is en-
hanced by tertiary interactions that OligoWalk does not
consider (Bevilacqua & Turner, 1991;Pyle & Cech, 1991;
Strobel & Cech, 1995; Testa et al+, 1997, 1998)+

For both the RNase-H assay (Ho et al+, 1998) and
antisense efficacy experiments (Ho et al+, 1996), phos-
phorothioate linkages replaced some or all of the nat-
ural phosphodiester linkages, respectively+ This
substitution is known to decrease the stability of bind-
ing (Freier & Altmann, 1997), but the oligomers were
approximated with natural phosphodiester-linked DNA
bases for the OligoWalk calculations because nearest-
neighbor parameters are not available for RNA-phos-
phorothioate helices+

Antisense efficacy may be inherently difficult to pre-
dict because of other complications+ For example, the
region targeted by an antisense oligonucleotide may
need to have some biological relevance, such as an
AUG start codon or regulatory region+ Proteins may
cover certain regions of the target+ Oligomer sequence
and self structure may influence delivery or cellular
localization+ Furthermore, it is not clear whether or not
kinetics play a role in cellular efficacy+ In vitro binding
experiments are not highly correlated with cell-based
data+ In the case of C-raf mRNA, the correlation coef-
ficient between in vitro mRNA accessibility, measured
with an RNase-H assay, and cellular antisense activity
for 20 oligomers was only 0+61 (Matveeva et al+, 1998)+

OligoWalk provides a method for making compari-
sons between thermodynamic predictions and experi-
mental results+ It is an improvement over prior methods
because it calculates the overall binding free energy,
taking into account the target structure, oligonucleotide
structure, and duplex stability+ The relative thermo-
dynamic contributions of unimolecular and bimolecular
oligonucleotide structure are considered by including
oligonucleotide concentration in the overall free-energy
calculation+ Although many factors are neglected by
OligoWalk, correlations between predictions and exper-
imental results suggest that the program may serve as
a useful tool in conjunction with experimental tech-
niques for the selection of oligonucleotides designed to
bind RNA+ The limited data presented here suggest it
may have predictive value, but its true utility for predic-
tion awaits extensive comparisons between high qual-
ity experimental data and these predictions+ Such
comparisons should help identify other factors that are
important for predicting oligonucleotide binding affinity
and antisense efficacy+

OligoWalk is part of the RNAstructure software pack-
age, available for free download at the Turner Lab
Homepage (http://rna+chem+rochester+edu)+ RNAstruc-
ture is a program for Microsoft Windows 95, 98, or NT

that was programmed in C11+ An intermolecular sec-
ondary structure prediction feature is also added to the
package+

MATERIALS AND METHODS

Effective equilibrium between structured
and unstructured oligomer

The equilibrium in Figure 1 shows the steps involved in the
binding of oligomer to target+ The quantity of interest is the
“overall equilibrium constant” for the association of native
oligomer and native target in an oligomer-target complex:

Koverall 5
[O 2 T]

[Ounbound] [Tunbound]
, (7)

where

[Ounbound] 5 [Ototal ] 2 [O-T]

5 [OF–U] 1 2[OF–B] 1 [OU] 5 [OF] 1 [OU] , (8)

[Tunbound] 5 [Ttotal ] 2 [O-T] 5 [TF] 1 [TU] , (9)

[OF] is the total concentration of folded oligomer strands,
counting both unimolecular and bimolecular structures+
Koverall and its associated DG837 overall quantify the preference
of oligomer to bind target despite self structures+

Using equations 8 and 9, equation 7 can be expressed as:

Koverall 5
[O 2 T]

( [OF] 1 [OU])( [TF] 1 [TU])
+ (10)

Given the free energies for each equilibrium constant, the
overall equilibrium constant can be calculated+ From the def-
inition of the equilibrium constant:

K1B 5
[OF–B]

[OU]2 , (11)

K1U 5
[OF–U]

[OU]
, (12)

K2 5
[TF]

[TU]
, (13)

K3 5
[O 2 T]

[OU] [TU]
+ (14)

If [Ototal] .. [Ttotal], then [Ototal] .. [O-T] and [OU] can be
expressed as a function of K1B, K1U, and [O]total, the total
oligomer concentration:

[Ototal ] 5 [OU] 1 2[OF–B] 1 [OF–U]; (15)
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substituting 11 and 12 into 15 yields

[Ototal ] 5 [OU] 1 2[OU] 2K1B 1 [OU]K1U + (16)

Equation 16 is solved for [OU] with the quadratic equation

[OU] 5
21 2 K1U 6 % (1 1 K1U)2 1 8K1B [Ototal ]

4K1B
+ (17)

The negative solution to equation 17 is rejected because the
concentration of single-stranded oligomer must be greater
than or equal to zero+ Define an effective equilibrium con-
stant, K1eff, as

K1eff 5
[OF]

[OU]
5

[Ototal ] 2 [OU]

[OU]
5

[Ototal ]

[OU]
21; (18)

substituting equation 17 into equation 18 yields

K1eff 5
[OF]

[OU]

5 S 4K1B [Ototal ]

21 2 K1U 1 % (1 1 K1U)2 1 8K1B [Ototal ]
D21+ (19)

When K1U .. [Ototal]K1B, equation 19 is numerically unstable+
In this case, unimolecular folding is much more important
than bimolecular folding of the oligomer and K1eff > K1U+
Now, using equations 13, 14, and 18, equation 10 can be
written as

Koverall 5
K3

(K1eff 11)(K2 11)
, (20)

which means3

DG8overall 5 DG83 1 RT [ln(K1eff 11) 1 ln(K2 11)] + (21)

Tm calculation for oligomer-target duplex

OligoWalk calculates a melting temperature, Tm, for the du-
plex formation between oligomer and target, K3 in Figure 1+
This calculation neglects the self structure in the oligomer
and target and assumes that [OU] .. [TU]+ The Tm is then the
temperature at which half of the target is bound:

[O-T] 5 [TU] + (22)

Therefore, from equations 22 and 14, at Tm,

K3 5
1

[Ototal ]
+ (23)

Using equation 23 and

DG837 5 DH83 2 TDS83 5 2RT ln K3 , (24)

where DH83 and DS83 are calculated from nearest neighbor
parameters for oligo-target binding, then

Tm (in 8C) 5
DH8

DS8 1 R ln[O]total
2 273+15+ (25)

Here the 2273+15 converts the Tm from Kelvin to centigrade+
Note that the Tm is dependent on the oligomer concentration+

Bimolecular secondary structure prediction

To predict a secondary structure formed by two oligomers of
sequence S1 and S2 of equal concentration, a third se-
quence, S, is created+ S starts with S1, continues with a 3-nt
linker region, and finishes with S2+ S is submitted to a mod-
ified version of the dynamic programming algorithm of Zuker
and co-workers (Zuker, 1989a; Zuker & Stiegler, 1981)+ The
intermolecular linker is not allowed to base pair and can ap-
pear in four types of loops: hairpin loops, bulge/internal loops,
multibranch loops ( junctions), or exterior loops+ A loop that
contains the intermolecular linker is not actually a loop be-
cause it contains the ends of both sequences, so its free
energy is that of intermolecular initiation plus the free energy
of dangling ends+

The constraint array, Fce(i, j ), used to apply folding con-
straints for unimolecular folding (Mathews et al+, 1999), is
used to speed bimolecular folding+ Fce(i, j ) is a triangular
character array (i . j ) that is set to a unique value if and
only if the intermolecular linker occurs between nucleotides i
and j+ The single-stranded regions of hairpin loops and bulge/
internal loops are checked for the intermolecular linker by
consulting Fce(i, j ) for single-stranded regions from i 1 1 to
j 2 1+ The unique value indicates that the loop really contains
the ends of the sequences+

When the intermolecular linker appears in an exterior loop
region, the two sequences, S1 and S2, each form intramolec-
ular secondary structures independent of each other+ For this
case, the intermolecular initiation free energy is not added to
the free energies of the structures+

To correctly model the free energy of multibranch loops
that contain the intermolecular linker, a new free-energy ar-
ray, W2, is added to the original V and W arrays (Zuker,
1989b; Zuker & Stiegler, 1981)+ W2 is the minimum of six
quantities:

W2(i, j ) 5 minimum(W21 ,W22 ,W23 ,W24 ,W25 ,W26),

(26)

3In cases when no stable secondary structures can be formed by
the oligomer, the oligomer structure predicted by the dynamic pro-
gramming algorithm is the single strand and the program assigns a
DG8 5 0 kcal/mol+ This is the unpaired structure, available to bind
with the target and therefore Kleff is replaced with 0+ Similarly, when
the target nucleotides are unpaired before binding by the oligomer,
K2 is replaced with 0+
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where

W21(i, j ) 5 V(i, j ) 1 penalty(i, j ) 1 K,

W22(i, j ) 5 V(i 11, j ) 1 Ed( j, i 1 1, i ) 1 penalty(i 1 1, j ) 1 K,

W23(i, j ) 5 V(i, j 21) 1 Ed( j 21, i, j ) 1 penalty(i, j 21) 1 K,

W24(i, j ) 5 V(i 11, j 21) 1 Ed( j, i 11, i )

1 Ed( j 21, i, j ) 1 penalty(i, j 21) 1 K,

W25(i, j ) 5 W2(i, j 21),

if j is not the middle of the intermolecular linker,

5 W2(i, j 21) 1 intermolecular initiation 2 K,

if j is the middle of the linker,

W26(i, j ) 5 W2(i 11, j ),

if i is not the middle of the intermolecular linker,

5 W2(i 11, j ) 1 intermolecular initiation 2 K,

if i is the middle of the linker+

V(i, j ) is the lowest free energy for the nucleotide segment
from i to j with i paired to j+ Ed(i, j,k) is the free energy of
nucleotide k dangling on the terminal pair of i and j+ K is a
large integer, 16,000, chosen so that twice K does not over-
flow a short integer variable+ Penalty(i, j ) is the free-energy
penalty for a terminal A-U or G-U base pair or zero for G-C
closing pairs (Xia et al+, 1998)+

W is also modified to include conditions about the inter-
molecular linker:

W(i, j ) 5 minimum(W1 ,W2 ,W3 ,W4 ,W5 ,W6), (27)

where

W1(i, j ) 5 V(i, j ) 1 penalty(i, j ) 1 c,

W2(i, j ) 5 V(i 11, j ) 1 Ed( j, i 11, i ) 1 penalty(i 11, j ) 1 b 1 c,

W3(i, j ) 5 V(i, j 21) 1 Ed( j 21, i, j ) 1 penalty(i, j 21) 1 b 1 c,

W4(i, j ) 5 V(i 1 1, j 21) 1 Ed( j, i 1 1, i ) 1 Ed( j 21, i, j )

1 penalty(i, j 21) 1 2b 1 c,

W5(i, j ) 5 W(i, j 21) 1 b,

if j is not the middle of the intermolecular linker,

5 W(i, j 21) 1 K, if j is the middle of the linker,

W6(i, j ) 5 W(i 11, j ) 1 b,

if i is not the middle of the intermolecular linker,

5 W(i 11, j ) 1 K, if i is the middle of the linker+

The constants a, b, and c are from the free-energy approxi-
mation for a multibranch loop (Mathews et al+, 1999):

DG8 (multibranch loop) 5 a 1 bN 1 cH, (28)

with N, the number of unpaired nucleotides in the loop, and
H, the number of helices exiting the loop+ These modifica-
tions will result in an unfavorable W if it includes the inter-
molecular linker in the loop, while W2 is unfavorable if it does
not encompass the intermolecular linker+

The array WM is defined as usual (Mathews et al+, 1999):

WM(i, j ) 5 min[W(i,k) 1 W(k 1 1, j )] , with i # k , j+ (29)

A second array, WM2 is defined similarly for W2:

WM2(i, j ) 5 min[W2(i,k) 1 W2(k 11, j )] , with i # k , j+ (30)

The lowest free energy for a multibranch loop closed by a
pair between i and j is then VM, defined as the minimum of
eight terms:

VM 5 min(VM1 , VM2 , VM3 , VM4 , VM5 , VM6 , VM7 , VM8),

(31)

where

VM1(i, j ) 5 WM(i 11, j 21) 1 penalty(i, j ),

VM2(i, j ) 5 a 1 b 1 c 1 Ed(i, j, i 11)

1 WM(i 1 2, j 21) 1 penalty(i, j ),

VM3(i, j ) 5 a 1 b 1 c 1 Ed(i, j, j 21)

1 WM(i 11, j 2 2) 1 penalty(i, j ),

VM4(i, j ) 5 a 1 2b 1 c 1 Ed(i, j, i 11) 1 Ed(i, j, j 21)

1 W(i 1 2, j 2 2) 1 penalty(i, j ),

VM5(i, j ) 5 WM2(i 1 1, j 21) 1 penalty(i, j ),

VM6(i, j ) 5 Ed(i, j, i 1 1) 1 WM2(i 1 2, j 21) 1 penalty(i, j ),

VM7(i, j ) 5 Ed(i, j, j 21) 1 WM2(i 11, j 2 2) 1 penalty(i, j ),

VM8(i, j ) 5 Ed(i, j, i 11) 1 Ed(i, j, j 21)

1 W2(i 1 2, j 2 2) 1 penalty(i, j )+

In this way, if the minimum is from terms 1–4, it is a true
multibranch loop with the correct penalty terms+ If the mini-
mum is from terms 5–8, it contains the bimolecular linker, and
intermolecular initiation is substituted for the multibranch loop
penalties+

Time requirements

The run time for OligoWalk scales with O(N2), where N is the
length of the sequence, if only local structure is considered
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upon oligomer binding+ With refolding, the run time scales
with O(N4)+ For the sickle hemoglobin mRNA, 626 nt, the
calculation considering only local structure and oligomers of
6 nt takes less than 4 min on a Pentium-II 233 MHZ computer
with 64 MB of RAM+ When refolding the whole sequence
upon oligomer binding, the calculation takes about 3+5 h+

Prediction of RNA secondary structures

The RNA target secondary structures were predicted by free-
energy minimization (Mathews et al+, 1999)+ Suboptimal struc-
tures were included with a 20% sort, window size of zero, and
a maximum of 750 structures+
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